To determine the effects of hypoxia-induced ribonucleotide reductase (RR) production on herpes oncolytic viral therapy. Summary Background Data: Hypoxia is a common tumor condition correlated with therapeutic resistance and metastases. Attenuated viruses offer a unique cancer treatment by specifically infecting and lysing tumor cells. G207 is an oncolytic herpes virus deficient in RR, a rate-limiting enzyme for viral replication. Methods: A multimerized hypoxia-responsive enhancer was constructed (10xHRE) and functionally tested by luciferase assay. 10xHRE was cloned upstream of UL39, the gene encoding the large subunit of RR (10xHRE-UL39). CT26 murine colorectal cancer cells were transfected with 10xHRE-UL39, incubated in hypoxia (1% O 2 ) or normoxia (21% O 2 ), and infected with G207 for cytotoxicity assays. CT26 liver metastases, with or without 10xHRE-UL39, were created in syngeneic Balb/C mice (n ϭ 40). Livers were treated with G207 or saline. Tumors were assessed and stained immunohistochemically for G207. Results: 10xHRE increased luciferase expression 33-fold in hypoxia versus controls (P Ͻ 0.001). In normoxia, 10xHRE-UL39 transfection did not improve G207 cytotoxicity. In hypoxia, G207 cytotoxicity increased 87% with 10xHRE-UL39 transfection versus nontransfected cells (P Ͻ 0.001). CT26 were resistant to G207 alone. Combining 10xHRE-UL39 with G207 resulted in a 66% decrease in tumor weights (P Ͻ 0.0001) and a 65% reduction in tumor nodules (P Ͻ 0.0001) versus G207 monotherapy. 10xHRE-UL39-transfected tumors demonstrated greater viral staining. Conclusions: Hypoxia-driven RR production significantly enhances viral cytotoxicity in vitro and reduces tumor burden in vivo. G207 combined with RR under hypoxic control is a promising treatment for colorectal cancer, which would otherwise be resistant to oncolytic herpes virus alone.
H ypoxia, a reduction in normal tissue oxygen levels, is a common condition of solid tumors. Rapidly proliferating tumors outstrip their vascular supply resulting in hypoxic regions. These areas are reported to have oxygen concentrations less than 2%. 1 Oxygen-deficient cancer cells exhibit an increased rate of genetic mutation, local invasion, and metastatic spread. 2, 3 Similarly, low tumor oxygen tension has been correlated with increased metastases and poor survival in various cancers. 4 In addition to the aggressive nature of these tumors, hypoxia confers resistance to standard radiation therapy and chemotherapy. 5, 6 Hypoxic tumors are thus associated with a poor outcome regardless of treatment modality. 3 The development of new therapeutic strategies is necessary. Lower tumor oxygen levels compared with surrounding normal tissues may be used to selectively target cancer cells in gene therapy. 7 Hypoxia is a potent signal that induces the production of proteins, which allow cells to adapt to a low oxygen environment. Hypoxia-inducible factor 1 (HIF-1) is a key transcriptional regulator controlling the expression of diverse hypoxia-inducible genes related to angiogenesis, oxygen transport, cellular adhesion, and glycolysis. 8 -10 Although involved in adaptive physiologic processes, HIF-1 is also overexpressed in diverse cancers and is associated with tumor progression and metastases. 11, 12 HIF-1 consists of an oxygenregulated ␣ subunit (HIF-1␣) and a constitutive ␤ subunit (HIF-1␤). In hypoxia, HIF-1␣ translocates to the nucleus where it dimerizes with HIF-1␤. This heterodimer binds to the hypoxia-responsive element (HRE) of target genes to stimulate transcription. 13 The HRE consensus sequence has been characterized in the 5Ј untranslated region of the vascular endothelial growth factor (VEGF) gene. 14 Replication-competent, multimutated herpes simplex viruses (HSV) have been successful in the treatment of a broad spectrum of malignancies in animal models, including brain, hepatic, gastric, prostate, head and neck, pancreatic, and colorectal. [15] [16] [17] [18] [19] [20] Genetically engineered oncolytic viruses have been attenuated to have reduced toxicity to normal tissues, while maintaining their inherent ability to kill tumor cells. G207 is a second-generation HSV type-1, containing multiple mutations, which significantly minimize reversion to a pathogenic phenotype. G207 has deletions in both copies of the neurovirulence gene ␥ 1 34.5, which is responsible for viral spread and replication within the central nervous system. This virus also contains an insertional inactivation of UL39, the gene encoding the large subunit of ribonucleotide reductase (RR). 16 RR is the main rate-limiting enzyme for viral DNA synthesis and replication, controlling the nucleotide substrate pool by regulating the conversion of ribonucleotides to deoxyribonucleotides. 21 Viral mutants with a defective UL39 gene exclusively replicate in and lyse rapidly dividing cancer cells, which provide sufficient levels of RR. 22 Increasing tumor RR levels may potentially enhance viral replication and tumor cell lysis.
This study sets out to determine whether replacement of UL39 under control of a hypoxia-responsive enhancer would promote more vigorous killing of cancer cells by an oncolytic herpes virus and increase tumor specificity through hypoxia.
MATERIALS AND METHODS

Cell Culture and Hypoxic Treatment
CT26, a murine colorectal carcinoma cell line syngeneic in Balb/C mice, were obtained from the American Type Culture Collection (ATCC, Manassas, VA), maintained in a 5% CO 2 humidified incubator at 37°C, and subcultured twice a week. Cells were grown in RPMI 1640 medium supplemented with 10% fetal calf serum and 5 mmol/L nonessential amino acids.
Hypoxic conditions were created by displacement of oxygen with nitrogen in a triple-gas incubator (NuAire, Plymouth, MN). Oxygen concentrations of 1% could be reached and maintained. After plating and transfection procedures, cells were routinely incubated for 12 hours in 21% O 2 to allow for attachment and stabilization prior to hypoxic exposure.
HIF-1␣ Expression
CT26 cells were plated at 5 ϫ 10 6 cells/dish in 100 mm culture dishes (Costar, Corning Inc., Corning, NY) and incubated in either normoxia (21% O 2 ) or hypoxia (1% O 2 ). After a 24-hour incubation, nuclear extracts were collected for HIF-1␣ levels (Active Motif, Carlsbad, CA). Protein content of nuclear extracts was determined according to the Bradford method (BioRad Protein Assay Reagent, Hercules, CA) by measuring absorbance at 595 nm (Beckman DU 640 spectrophotometer, Fullerton, CA). HIF-1␣ enzyme-linked immunosorbent assay was performed (Active Motif) on 20 g of nuclear protein from each sample.
Construction of Hypoxia-Responsive Enhancer
Complementary 41 base pair oligonucleotides were constructed encoding the HIF-1 recognition sequence of the human VEGF gene (Invitrogen, Carlsbad, CA). These monomeric HRE were designed with XhoI and SalI compatible ends for multimerization and cloning. The complementary sequences were: (5Ј-TCGAGCCACAGTGCATACGTGGGCT-CCAACAGGTCCTCTTG-3Ј) and (5Ј-TCGACAAGAGGAC-CTGTTGGAGCCCACGTATGCACTGTGGC-3Ј). 23 Paired oligomers were annealed and the 5Ј ends of the double-stranded HRE product were phosphorylated with T4 polynucleotide kinase (New England Biolabs ͓NEB͔, Beverly, MA) for subsequent multimerization. Ten copies of the HRE fragment were tandemly ligated with Quick Ligase (NEB). The resulting 10xHRE enhancer was confirmed with sequence analysis and restriction digests.
Enhancer Function
We cloned the 10xHRE enhancer into the XhoI site of the pGL3 promoter vector (Promega, Madison, WI) upstream of the minimal SV40 promoter, forming the luciferase reporter plasmid 10xHRE-pGL3 ( Fig. 1A, B ). CT26 cells were plated at 1.5 ϫ 10 6 cells/well in 6-well flat-bottom plates (Costar, Corning Inc.). Cells were transfected with 1.6 g of 10xHRE-pGL3 plasmid using Lipofectamine 2000 (Invitrogen). The native pGL3 plasmid was used as a control in these experiments. Cells were incubated in either 21% O 2 or 1% O 2 for 18 hours. Cell lysates were collected and a luciferase assay (Luciferase Assay Kit, Promega) was performed using a single injection luminometer (Berthold Technologies Mi-croLumat Plus, Oak Ridge, TN). Protein concentrations of cell lysates were determined by Bradford's method (BioRad) to normalize luciferase activity between transfected groups. UL39 sequence was PCR amplified using Herculase Hotstart polymerase (Stratagene, La Jolla, CA) with forward (5Ј-GCAT-AGCTGAAGCTTCTGTTGAAATGGCCAGCCG-3Ј) and reverse (5Ј-TCCACGTATCTAGAATCTGGATCGCCAG-GTCCG-3Ј) primers (Invitrogen). These primers introduced a unique upstream HindIII restriction site, as well as a unique downstream XbaI site, while excluding the native UL39 promoter and poly-A tail. 10xHRE-pGL3 was digested with HindIII and XbaI (NEB) to remove the luciferase gene. The intact UL39 gene was then ligated between the HindIII and XbaI sites (Quick Ligase, NEB), forming the 10xHRE-UL39 plasmid (Fig. 1C ). The sequence was confirmed by PCR screen and restriction digests.
G207 Virus
G207, a generous gift from Medigene Inc., is a multimutated HSV derived from the laboratory wild-type F strain. G207 contains deletions in both copies of the ␥ 1 34.5 neurovirulence gene. The UL39 gene is also inactivated with an insertional mutation of a functional lacZ gene. 16 This insertion serves a reporter function as well as an additional protective mechanism. After viral infection, G207 cytotoxicity was determined by measuring the release of cytoplasmic lactate dehydrogenase from surviving cells over 10 days. Cells were washed with phosphate-buffered saline (PBS) and lysed with 1.5% TritonX-100 (Sigma-Aldrich, St. Louis, MO). Lactate dehydrogenase was quantified with a Cytotox 96 nonradioactive cytotoxicity assay (Promega), measuring the conversion of a tetrazolium salt into a red formazan product. Absorbance was measured at 450 nm with a microplate reader (EL312e, Bio-Tek Instruments, Winooski, VT). Cytotoxicity is expressed as the percentage of lactate dehydrogenase activity in treated cells relative to mock-infected cells. All samples were tested in triplicate.
In Vitro Cytotoxicity of G207
Establishment and Treatment of Hepatic Metastases
All animal procedures were performed with the approval of the Memorial Sloan-Kettering Institutional Animal Care and Use Committee. Eight-week-old male Balb/C mice were obtained (Charles River Laboratories, Wilmington, MA). Animals were anesthetized with intraperitoneal injec-tion of ketamine and xylazine (100 mg/kg ketamine, 10 mg/kg xylazine) for all procedures.
CT26 cells were plated in 6-well plates and transfected with 1.8 g of 10xHRE-UL39. Control cells underwent mock transfection. After a 12-hour incubation at 21% O 2 , cells were harvested, counted, and resuspended (6 ϫ 10 4 cells/50 L). Intrahepatic metastases were generated through splenic tumor injection and portal venous delivery. 24 A small left subcostal incision was made and the lower pole of the spleen was exteriorized for subcapsular injection. Animals consistently develop between 150 and 300 tumor nodules in the liver by 2 weeks. Mice received splenic injection in 50 L of PBS through a 30-gauge needle, with either 6 ϫ 10 4 CT26 cells transfected with 10xHRE-UL39 (n ϭ 20) or 6 ϫ 10 4 CT26 cells that had undergone mock transfection (n ϭ 20).
The incisions were closed and then reopened 24 hours later for viral infection, through splenic injection as described. In each of the tumor-inoculated groups, mice were randomized to receive either 5 ϫ 10 4 PFU of G207 in 50 L of PBS (n ϭ 10) or 50 L of PBS alone (n ϭ 10). Animals were observed and weighed regularly for 2 weeks, at which time they were killed by CO 2 inhalation. Livers were harvested, weighed, and 2 independent investigators counted liver nodules. Four 10-week-old naive Balb/C mice underwent necropsy and hepatectomy to determine normal liver weight.
Immunohistochemistry
Harvested livers were fixed in 4% paraformaldehyde, dehydrated in graduated alcohol washes, and embedded in paraffin blocks; 8-m sections were cut and stained with a rabbit anti-HSV-1 polyclonal antibody (Ready-to-Use, Biogenex, San Ramon, CA). A biotinylated secondary antibody was added and visualized with streptavidin-labeled horseradish peroxidase and chromogen solutions (Super Sensitive Ready-to-Use Detection System, Biogenex). Counterstaining with Harris hematoxylin was performed. Tissues harvested from uninfected animals were used as negative controls. Slides were dehydrated and coverslipped with Permount mounting medium (Fisher Scientific, Pittsburgh, PA). A pathologist reviewed all slides.
Statistical Analysis
Data are expressed as the mean Ϯ SD. Comparisons between groups were performed with a 2-tailed Student t test.
RESULTS
HIF-1␣ Expression
CT26 cells incubated at 21% O 2 or 1% O 2 were examined for HIF-1␣ expression by enzyme-linked immunosorbent assay. Following a 24-hour incubation, hypoxic CT26 cells demonstrated a 6.6-fold increase in HIF-1␣ expression compared with normoxic cells (P Ͻ 0.01, Fig. 2 ).
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Annals of Surgery • Volume 239, Number 6, June 2004 Luciferase Activity 10xHRE enhancer function was assessed by luciferase reporter assay. Following incubation in 21% O 2 or 1% O 2 , CT26 cell lysates underwent analysis for luciferase expression. In 1% O 2 , CT26 cells transfected with 10xHRE-pGL3 yielded a 33-fold increase in luciferase activity versus cells transfected with pGL3 alone (P Ͻ 0.001, Fig. 3 ). In 21% O 2 , 10xHRE-pGL3 transfection resulted in a 1.6-fold increase in luciferase activity compared with pGL3 (P Ͻ 0.001, Fig. 3 ). These experiments demonstrate that the 10xHRE enhancer significantly improved paired gene expression in hypoxia, with good specificity in an oxygen-deprived environment.
In Vitro Cytotoxicity of G207
CT26 cell viability was measured by cytotoxicity assay to determine viral oncolysis following 10xHRE-UL39 transfection. In 21% O 2 , 10xHRE-UL39 transfection did not result in improved G207 cell kill compared with mock transfection. Both 10xHRE-UL39 and mock-transfected cells demonstrated resistance to G207 therapy at an MOI of 1, with less than 10% cell kill by day 10. There was no significant difference in cytotoxicities between these 2 groups (Fig. 4A) .
When incubated at 1% O 2 , CT26 cells transfected with 10xHRE-UL39 were more susceptible to G207 oncolysis compared with mock-transfected cells. Twenty-four hours after G207 infection, there was an 11% increase in cytotoxicity with 10xHRE-UL39 transfection, which was statistically significant (P Ͻ 0.05). This increase in G207 cytotoxicity improved to 39% by day 5 (P Ͻ 0.001) and to 50% by day 7 after infection (P Ͻ 0.001). At the completion of 10 days, hypoxic CT26 cells transfected with 10xHRE-UL39 had 87% greater G207 cell kill than mock-transfected cells (P Ͻ 0.001, Fig. 4B ). Hypoxic CT26 cells that underwent mock transfection were resistant to G207 oncolysis, with no evidence of cytotoxicity 10 days after infection. Furthermore, there was an 88% improvement in G207 cytotoxicity when comparing hypoxic CT26 cells transfected with 10xHRE-UL39 to similarly transfected normoxic CT26 cells (P Ͻ 0.001). These results demonstrate that 10xHRE-driven expression of RR can specifically and significantly improve G207 cell kill in hypoxia.
Inhibition of Tumor Growth
CT26 cells transfected with 10xHRE-UL39 or no DNA were injected into the spleens of Balb/C mice to create an in vivo liver metastases model. Naive Balb/C mice had a mean liver weight of 1.58 Ϯ 0.13 g (n ϭ 4), which was the normal liver weight used in these experiments. Tumor weights were determined by subtracting the normal liver weight from the mean liver weights. Balb/C livers implanted with mocktransfected CT26 tumors had a mean tumor weight of 3.04 Ϯ 0.60 g when treated with PBS and 3.43 Ϯ 0.52 g when treated with G207, which were not significantly different. PBS- 
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Hypoxia and Oncolytic Viral Therapy treated tumors that had undergone mock transfection or 10xHRE-UL39 transfection also demonstrated no significant difference in weight. However, combining 10xHRE-UL39 transfection with G207 therapy resulted in a mean tumor weight of 1.17 Ϯ 0.28 g, which represented a 66% decrease compared with mock-transfected tumors receiving G207 (P Ͻ 0.0001, Fig. 5A ). Mock-transfected CT26 tumors treated with G207 had an average of 329 Ϯ 34 nodules, which was not significantly different from PBS-treated livers (366 Ϯ 54 nodules). Livers treated with both 10xHRE-UL39 transfection and G207 infection had a mean of 116 Ϯ 20 nodules, which represented a 65% decrease in nodule counts compared with mocktransfected tumors receiving the same dose of G207 (P Ͻ FIGURE 5. Treatment of murine liver metastases with G207 and 10xHRE-UL39 (n ϭ 10 per group). Balb/C mice underwent splenic injection with 6 ϫ 10 4 CT26 murine colorectal cancer cells transfected with our 10xHRE-UL39 construct or no DNA. Mice were reinjected 24 hours later with either 5 ϫ 10 4 plaque-forming units of G207 or phosphate-buffered saline (PBS). Liver tumor burdens were assessed 14 days later. A, There was a 66% decrease in tumor weight (P Ͻ 0.0001) with the combination of 10xHRE-UL39 and G207. There was no significant difference among tumor weights when given monotherapy with PBS, 10xHRE-UL39, or G207. B, There was a 65% reduction in tumor nodules (P Ͻ 0.0001) when both 10xHRE-UL39 and G207 were given. There was no significant difference among nodule counts when mice received monotherapy with PBS, 10xHRE-UL39, or G207. Transfecting our 10xHRE-UL39 plasmid significantly increased G207 cytotoxicity by day 5, with nearly complete cell death by day 10 (P Ͻ 0.001).
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Annals of Surgery • Volume 239, Number 6, June 2004 0.0001, Fig. 5B ). CT26 liver tumors were resistant to G207 monotherapy, as it was no more efficacious at decreasing tumor weights or nodule counts than PBS (Fig. 5 ). Furthermore, there was no reduction in tumor weights or nodules with 10xHRE-UL39 transfection alone (Fig. 5 ). These results demonstrate in vivo efficacy of 10xHRE-UL39 transfection in combination with G207 viral therapy for the treatment of CT26 liver metastases.
Immunohistochemical Analysis of G207 Infection
Balb/C livers from each group were fixed, sectioned, and then stained for HSV-1 envelope proteins. Mice that were not treated with G207 demonstrated negative HSV staining in all tumor-bearing and normal liver regions (Fig. 6A) . In mice treated with G207, tumor-bearing regions stained positively for HSV ( Fig. 6B-D) , while non-tumor-bearing regions did not stain for HSV. There was appreciably stronger staining for HSV in 10xHRE-UL39-transfected tumors treated with G207 versus mock-transfected tumors treated with G207 ( Fig. 6B, C) . These results demonstrate enhanced viral infection with 10xHRE-UL39 and G207 combination therapy.
DISCUSSION
Since its development in 1995, the replication-competent herpes virus G207 has moved from the laboratory into clinical trials. 16, 25 Although G207 was initially developed as a brain tumor therapy, animal experiments have demonstrated its efficacy across a wide array of solid tumors. [17] [18] [19] G207 contains multiple genomic mutations, preventing reversion to a pathogenic phenotype and undesired viral infection. Deletions in both copies of the neurovirulence gene ␥ 1 34.5 prevent central nervous system spread. There is also a temperature-sensitive mutation in the immediate-early ␣4 gene, which inhibits viral replication at temperatures greater than 39.5°C in the febrile host. Although the ␥ 1 34.5 and ␣4 mutations provide substantial safety features, it is the inactivating mutation of UL39, the gene encoding the large subunit of RR, which makes G207 complementary to tumor cells. G207 can only replicate in rapidly dividing cancer cells, which provide sufficiently high levels of exogenous RR. 16 RR consists of 2 nonidentical proteins: the larger subunit R1 and the smaller subunit R2. The rate of cellular DNA synthesis is strongly correlated with RR activity, with the large RR subunit constitutively expressed in dividing cells. 26 This primitive enzyme is found in all prokaryotic and eukaryotic cells, originating before the divergence of animals from fungi. There is therefore a high degree of conservation between the RR of viruses, animals, and plants. 27 Virus can use RR produced by rapidly dividing tumor cells for its own replication. A recombinant HSV lacking UL39 has been shown to preferentially infect liver metastases with elevated RR levels rather than surrounding normal tissue. 28 However, hypoxia limits cellular proliferation by inhibiting the cell cycle prior to S-phase. 29 This reduced cellular division at low oxygen tensions may hinder viral replication within hypoxic tumors. FIGURE 6. Detection of herpes simplex virus (HSV) by immunohistochemistry of Balb/C livers with metastatic CT26 murine colorectal cancer. Fixed tissues were sectioned, stained with a rabbit anti-HSV-1 polyclonal antibody, and examined under light microscopy. The presence of brown represents positive staining for HSV envelope proteins. There was appreciably stronger staining for HSV in 10xHRE-UL39-transfected tumors treated with G207 versus mocktransfected tumors receiving G207. Viral staining was confined to the tumorigenic regions of livers. A, Untreated liver metastases (original magnification ϫ10). B, G207-treated, mock-transfected liver metastases (original magnification ϫ10). C, G207-treated, 10xHRE-UL39-transfected liver metastases (original magnification ϫ10). D, G207-treated, 10xHRE-UL39-transfected liver metastases (original magnification ϫ60).
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Hypoxia and Oncolytic Viral Therapy Solid tumors become hypoxic as they proliferate and outstrip their blood supply, decreasing the efficacy of standard therapies and promoting malignant progression. Radiation therapy requires free radicals from oxygen to destroy target cells, while altered blood vessel architecture and reduced tumor cell proliferation may promote chemotherapeutic resistance. 30, 31 Tumor hypoxia has been positively correlated with recurrence in cervical cancer and metastatic spread in soft tissue sarcoma when tumor pO 2 is less than 10 mm Hg. 3, 32 Reports reveal that the median oxygen concentration for head and neck, cervical, and breast cancers is 1% to 4%, with most tumors having more hypoxic regions. 4, 33, 34 We therefore used 1% O 2 to represent tumor hypoxia in our in vitro experiments, to mimic the physiology of solid tumors. Hypoxia has been further demonstrated in various tumor types, including prostate, brain, colorectal, pancreatic, gastric, ovarian, lung, renal, and melanoma. 12, 35, 36 Since hypoxia is a prevalent solid tumor condition associated with poor prognosis, recent research suggests exploiting it as a means to target and improve cancer therapy. 36 In hypoxia, the transcriptional regulator HIF-1 binds to the HRE in the enhancer region of hypoxia-inducible genes to up-regulate gene expression. The HRE within the 5Ј flanking region of the VEGF gene and the 3Ј flanking region of the erythropoietin (EPO) gene have been well characterized. 14, 37 We constructed our hypoxia-responsive enhancer from the VEGF HRE sequence, as the EPO HRE has demonstrated low hypoxic inducibility and high baseline activity in normoxia. Moreover, human EPO HRE shows increased paired gene expression only in human cell lines. Although there is considerable homology between mammalian HRE sequences, murine cells have lower inducibility of human VEGF HRE than human cells. 38 Our 10xHRE enhancer resulted in a 33-fold increase in luciferase expression when testing human VEGF HRE in a murine cell line. Paired gene transcription may have even been higher if a human cancer cell line were used. Increasing HRE copy number has been shown to greatly improve enhancer function, particularly after 3 copies are multimerized. However, paired gene expression continues to increase in a nonlinear fashion up to 10 HRE copies. 7, 23, 36 We therefore designed our enhancer using 10 repeats of the VEGF HRE to maximize activity in hypoxic murine cancer cells.
In this study, we show that CT26 murine colorectal cancer cells overexpress HIF-1␣ in response to hypoxia. We have demonstrated good function of our 10xHRE enhancer at 1% O 2 and suspect that our enhancer works over a wider range of oxygen concentrations as similar constructs have shown. 7 The atmospheric oxygen concentration of 21% was used as the normoxic standard in our experiments, yet the actual oxygen concentration of normal tissues may be lower. 34, 39 Nevertheless, reports reveal that there is little difference in multimerized HRE enhancer function between 5% O 2 and 21% O 2 . 7 Upon pairing this 10xHRE enhancer with an intact UL39 gene in hypoxic CT26 cells, G207 cytotoxicity increased 87%. There was no improvement in normoxia, supporting 10xHRE-UL39 specificity to a low oxygen environment. Combining G207 with a hypoxia-inducible RRexpressing vector showed promising results in vivo, where we reduced Balb/C liver metastases by 65%. However, at the same dose, G207 given alone was ineffective at reducing tumor burden. Balb/C liver immunohistochemistry showed more intense HSV tumor staining in livers treated with both 10xHRE-UL39 and G207, compared with G207 alone. This staining pattern suggests improved G207 replication in tumors transfected with 10xHRE-UL39. Normal liver parenchyma did not stain positively for HSV, providing evidence for preserved G207 tumor specificity despite potentially high local levels of RR. These results reveal that transfection of UL39 under 10xHRE control confers improved G207 tumor cytotoxicity in murine colorectal cancer cells.
Retained tumor specificity and enhanced oncolytic activity support the construction of a recombinant G207 containing hypoxia-targeted RR expression. The UL39 gene has been inactivated in G207 by a lacZ insertional mutation. We plan to reintroduce a functional UL39 gene under control of our 10xHRE enhancer through homologous recombination with purified G207 DNA. Creating this recombinant virus would circumvent the transfection process and the possibility of unstable gene expression. Recombinant G207 autonomously expressing 10xHRE-UL39 may ultimately be used as definitive therapy for established tumors. Our current experimental results are a proof of principle that reintroducing UL39 into G207 under hypoxic control can improve viral efficacy without compromising tumor specificity or safety. We show that hypoxia, a negative tumor characteristic, can be exploited as a means of improving oncolytic viral therapy in the treatment of metastatic colorectal cancer. that, in both in vitro and in vivo models, the combination of the transfection of this hypoxia responsive plasmid along with infection of the herpes simplex virus construct G207 greatly enhances the efficacy of G207 alone in the CT26 murine colorectal cancer, which is normally unresponsive to G207 therapy. This represents a potentially important modification, which may enhance the efficacy of oncolytic viral therapy for numerous cancer types that are characterized by tumor hypoxia. I have 2 questions for Dr. Reinblatt.
This represents an elegant way of enhancing tumor kill by oncolytic viruses. However, I wonder how this particular therapy may be better than other modifications that have been described, including engineering these herpes simplex viruses to express cytokines such as IL-4 and IL-12, which have shown significant anti-tumor activity and the ability to prolong survival in several mouse models. Others have also reported optimizing the potency of these viral vectors by inserting genes that can activate prodrugs that can diffuse to neighboring tumor cells and produce bystander killing. Therefore, this bystander effect could theoretically also kill surrounding hypoxic tumor cells and therefore optimize the efficiency of this system. So could the authors speculate on the advantages of their particular system compared with other mechanisms of optimizing viral therapy?
The second question has to do with how the authors foresee this therapy applied clinically. In this current study, they specifically transfect the colon cancer cells with ribonucleotide reductase gene controlled by the hypoxia-responsive enhancer; therefore, in theory, all of the cells contain this modified gene that would provide great specificity in this system. However, in order to take this to a clinical setting, you would need to reinsert ribonucleotide reductase under the control of the hypoxia-responsive enhancer in the same vector. If this is done, however, one worries that nonspecific effects will occur which would limit the safety of this particular therapy. Although one would hope that the ribonucleotide reductase would only be produced in areas of hypoxia, there is a certain amount of "leakiness" in these systems, which conceivably could mean that normal noncancerous cells could be affected by this particular therapy.
Once again, I greatly appreciate the opportunity to comment on this work and look forward to future innovations by your group.
DR. KEVIN E. BEHRNS (CHAPEL HILL, NORTH CAROLINA):
Thank you, Dr. Fong, for an excellent presentation and for providing me with a copy of the manuscript. You and your colleagues should be congratulated on exploiting the differential physiologic function between normal and tumor cells to create a potential therapy that is specific for cancer cells. This work is exciting not only because it takes advantage of tumor cell characteristics but it incorporates gene therapy and it may be used as an adjunct to other therapies such as anti-angiogenic agents.
One of the problems in treating tumor cells is they have marked variability, and certainly the tumor cells will have different degrees of hypoxia and free radical generation. Do you know the hypoxic status of metastatic colorectal cells in situ? Are they hypoxic within a tumor nodule? What percent would you estimate would be responsive to such therapy? Do you think that you would have to use embolization in most of these patients?
Understandably, for experimental purposes you used oxygen concentration of 1% in the in vitro experiments. Did you perform oxygen dose response experiments to see how sensitive they were to hypoxia? Furthermore, in the in vitro experiments was the response limited to hypoxia or was overexpression of hypoxia inducible factor necessary? And how well does HIF expression correlate with the hypoxia? An alternative way to express this would be: did you perform any experiments in which HIF was inhibited by siRNAs, or other means?
Finally, in the in vivo experiments you transfected the colon cancer cell line with ribonucleotide reductase in vitro and then administered the cells beneath the splenic capsule, which then trafficked to the liver. Other than the strategy that Dr. Fong briefly presented at the end, what other strategies would you have to target RR to the tumor cells?
This represents exciting and novel work, and thank you for sharing it with us.
DR. W. ROY SMYTHE (HOUSTON, TEXAS): I would like to also congratulate Drs. Reinblatt and Fong on a very extensive series of experiments and a very novel approach using the cytolytic technique.
When I was working with HSV in the mid '90s in the laboratory, we were discouraged by the FDA to use cytolytic herpes simplex viruses due to mainly theoretical concerns, because of cytolysis and also because of potential for latent viral infections. Could the authors comment on the current feeling of the FDA in regards to the clinical use of these cytolytic viruses?
My second question is: it seems that for your particular model the expression of HIF-1␣ is critical for this to work. Can you comment on the generalizable nature of HIF-1␣ alpha expression in colon cancer cell lines or preferably tumor specimens?
Lastly, have you looked at the vaccine effect with this vector? In some previous work done with HSV, it has been very interesting that there has been a very significant vaccine effect engendered by the use of the virus. In this scenario, subsequent introductions of tumor cells would lead to much smaller tumor growth, probably because of the increased A large hurdle in using VEGF clinically, for example, in breast reconstruction, is that these operations are done in people who have had breast cancer. As many of you know, VEGF was originally called tumor angiogenesis factor and was associated with vascularization of tumors, perhaps as a response to hypoxia in tumor tissue.
As this extremely interesting principle is brought into in vivo studies, how will you be assaying for the, in effect, neovascularization stimulus of your hypoxia strategies? And will you be looking at ways to block such things as VEGF or other angiogenesis stimulators?
DR. MAX R. LANGHAM, JR. (GAINESVILLE, FLORIDA): To extend Dr. Lineaweaver's question just a little bit, Dr. Fong (and I must admit this is not an area I have any special expertise in so this may be a bit of a naive question), the downstream effects of the hypoxic responsive promoter with the cytokines certainly should impact BCL-2 and other proteins that are involved in apoptosis and may be involved in metastasis. Thus, I was wondering whether or not you had any information for us about the downstream effects of your promoter with hypoxia as it relates to not the only vascular invasion but also to apoptosis. DR. MAURA REINBLATT (NEW YORK, NEW YORK): Previous studies have reported the use of herpes viruses to introduce pro-drugs or cytokines that inhibit tumor growth. Our study differs from past experiments by targeting tumor hypoxia, a typically negative cancer characteristic. Hypoxia is a common condition found in most solid tumors as they outgrow their blood supply. In addition, hypoxia confers a malignant phenotype with increased angiogenesis and metastases, as well as resistance to radiation therapy and chemotherapy. Lower tumor oxygen levels compared to surrounding normal tissues may thus be used to target cancer cells with viral gene therapy.
Viral delivery of genes is one of the most common gene therapy tools used today. Since these viruses preferentially infect cancer cells, hypoxia-induced ribonucleotide reductase expression can be appropriately targeted. Although there are several potential methods to target genes to cancer cells, one of the simplest is through replication-competent herpes viruses such as G207. By introducing our construct into G207, ribonucleotide reductase production can be targeted to the same hy-poxic tumor cells that would ultimately be lysed. Our report reveals the potential clinical application of this approach.
Combining our hypoxia-responsive enhancer with the ribonucleotide reductase gene enhances both herpes viral cytotoxicity and specificity in a colorectal cancer metastases model. By constructing a recombinant herpes virus expressing ribonucleotide reductase under hypoxic control, we would circumvent the need for plasmid transfection and may show anti-tumor efficacy with direct tumor injection or regional delivery. This recombinant virus may therefore have broad clinical applicability.
The recombinant virus containing a hypoxia-inducible ribonucleotide reductase gene would infect cancer cells in the same fashion as G207. Similarly, this virus would preferentially replicate in rapidly dividing tumor cells with high ribonucleotide reductase levels. In addition, hypoxic tumor cells that may not be actively dividing will also be infected. These quiescent cells will express ribonucleotide reductase in their low oxygen environment, thus enhancing viral replication and cytotoxicity. Although viral tumor cytotoxicity is increased, viral specificity is maintained.
As an additional safeguard, our hypoxia-responsive enhancer has minimal activity in normal tissues. The enhancer has been shown to function only at oxygen concentrations less than 5%. Physiologic hypoxia is approximately 10% O 2 , with no region of the body having lower oxygen levels other than tumor cells.
Tumor hypoxia can be artificially enhanced by several methods, including hepatic artery embolization for liver metastases. However, this is not always necessary since most tumors are inherently hypoxic and we would simply exploit this intrinsic characteristic. As solid tumors proliferate, they outstrip their blood supply and become hypoxic. A broad spectrum of tumor types have been reported to be hypoxic, including colorectal cancer. Tumors have median oxygen concentrations between 1% and 2%, with many having areas of hypoxia less than 1% O 2 .
In these experiments, we used 2 artificial oxygen tensions. We chose 1% O 2 to represent hypoxia, as we felt that this oxygen concentration would most closely mimic tumor hypoxia. Tumor cells are accustomed to growing in culture at 21% O 2 , and this was therefore chosen to represent normoxia. Moreover, the literature suggests that there is little difference in hypoxia-responsive enhancer function between 5% and 21% O 2 .
Hypoxia-inducible factor 1 (HIF-1) is overexpressed in hypoxic cells and not in normoxic cells. Although HIF-1 is the key transcriptional regulator of numerous genes necessary for glycolysis, erythropoiesis, and angiogenesis, it is not necessary for their constant baseline level of transcription in normoxia. We have demonstrated HIF-1 overexpression in a wide array of human cancer cell lines in hypoxia, including breast, pancreatic, hepatocellular, and colorectal. We have Annals of Surgery • Volume 239, Number 6, June 2004 Hypoxia and Oncolytic Viral Therapy specifically tested 2 colorectal cancer cell lines, both expressing high HIF-1 levels in hypoxia. Therefore, our hypoxiaresponsive enhancer can be used as a gene therapy tool in numerous cancer types. Noncancerous cells undergo apoptosis in a hypoxic environment. One of the many differences between tumor cells and normal cells is that tumor cells can evade apoptotic cell death and survive in this inhospitable environment. The mechanism for tumor cell survival at low oxygen levels is unclear. Not all tumor cells possess this adaptive capability, but those that do evade apoptosis and thrive.
The safety profile of herpes viral therapy has been well documented. Mineta, Rabkin, and Martuza developed G207 in 1995, and within the past 10 years this virus has gone from the laboratory bench to clinical trials. A phase I clinical trial has recently been completed by the University of Alabama group, comprising 21 patients receiving direct inoculation of G207 into recurrent gliomas resistant to standard therapy. Patients received doses between 1 ϫ 10 6 and 3 ϫ 10 9 plaque-forming units without attributable severe side effects or toxicities, doses much higher than those used in our study. Another herpes virus, NV1020, was initially developed as a potential anti-herpetic vaccine. It failed as a vaccine yet was found to have significant oncolytic properties. This virus is currently undergoing clinical trials at our institution.
